2+ was prepared where bpy and CE-bpy were 2,2′-bipyridine and bpy having a crown-ether moiety at the 3,3′-positions, respectively. Although Ru(bpy)2(CE-bpy) 2+ showed only very weak emission in acetonitrile, recognition of Na + , Li + , or K + by the crown-ether moiety in CE-bpy resulted in increases in both the emission intensity and the lifetime of the complex, demonstrating that it acted as a photoreceptor. The results were discussed in terms of a steric hindrance between the 3,3′-substituents on CE-bpy and structural changes in both CE-bpy and the complex upon ion recognition, as studied by variable-temperature 
Introduction
Ion sensing is one of the important topics in analytical science, and that using crown-ether derivatives has been the most active research area in the field. In order to achieve highly sensitive and selective ion sensing based on crown ethers, various approaches have so far been taken. Emission detection is one possible approach for ion sensing with high sensitivity, and various crown-ether derivatives having an organic or inorganic (i.e., metal complex) chromophore(s) have been reported. [1] [2] [3] Among luminescent chromophores, a polypyridine ruthenium(II) complex (Ru(II)) is very unique, since it shows strong room-temperature emission. 4 In practice, Ru(II) complexes linked with a crown-ether moiety(ies) have been reported. In most cases, however, crown ether groups are introduced to the 4,4′-or 5,5′-positions in a 2,2′-bipyridine (bpy) ligand. 3 As another way to incorporate a crown-ether moiety to bpy, we focused our attention on 3,3′-disubstituted-2,2′-bipyridine (3,3′-R2-bpy) and its ruthenium(II) complex. [5] [6] [7] [8] In free 3,3′-R2-bpy, the R orient to trans with respect to one another, owing to a steric hindrance between R. When 3,3′-R2-bpy coordinates to a ruthenium ion, its structure becomes more or less distorted from octahedral (Oh) symmetry because of a steric repulsion between the Rs. 5, 6 Such a circumstance in the complex brings about a non-emissive or weakly emissive property. In practice, Ru(II) having 3,3′-R2-bpy ligands (R = -CH3, -COOCH3, -COOC2H5, or -COOCH(CH3)2) has been demonstrated to be a very weak emitter at room temperature. 5 When the steric hindrance between the Rs in Ru(II) is tuned by an external signal or stimulus, the photophysical and spectroscopic properties of the complex become varied. Actually, Rebek et al. reported 3,3′-R2-bpy having a polyether ring as R, and demonstrated structural changes of the compound upon ion (Hg 2+ or Pd 2+ ) binding by the ether ring. 9 Therefore, Ru(II) having a ligand as shown in Scheme 1 (CE-bpy) is a very interesting target as a photochemical ion receptor. Furthermore, the effects of structural changes of CE-bpy and/or Ru(II) on the spectroscopic and excited-state properties of the complex are worth studying for further advances in ion recognition based on metal complexes. In this paper, we report on structural changes and relevant excited-state responses of Ru(bpy)2(CE-bpy) 2+ upon ion recognition. 10 synthesized according to the literature. 9 Ru(bpy)2(CE-bpy) 2+ was then prepared by refluxing CE-bpy and cis-Ru(bpy)2Cl2 (1:1 molar ratio) in ethanol for 7 h. 11 After removing the solvent, the residues were dissolved in a small amount of water and an aqueous saturated NH4PF6 solution was added to the solution for metathesis. 12 The complex as a PF6 salt was collected, washed successively with cold water, acetone and diethyl ether, and then purified successively by chromatography on alumina (eluent: acetonitrile:dichloromethane = 1:1) and repeated recrystallizations from acetone/diethyl ether: Anal. For C40H42N6O5Ru((PF6)2), found (calc.): C = 44.32(44.58), H = 4.01 (3.93) , N = 7.99(7.80).
For X-ray crystallography, Ru(bpy)2(CE-bpy) 2+ was recrystallized further from acetone at room temperature to obtain single crystals.
Lithium perchlorate, potassium thiocyanate (Wako Chemical Co., Ltd.) and sodium perchlorate (Kanto Chemical Co., Ltd.) were used without further purification. For a 1 H-NMR study, acetone-d6 (Wako Chemical Co., Ltd.) and tetramethylsilane (Wako Chemical Co., Ltd.) as a standard were used as supplied. For spectroscopic experiments, acetonitrile (Wako Chemical Co., Ltd.) was purified by distillation over CaH2 (Wako Chemical Co., Ltd.), and an acetonitrile solution of Ru(bpy)2(CE-bpy) 2+ (concentration [Ru(bpy)2(CE-bpy) 2+ ] = 4.4 × 10 -5 M) in a quartz cell (optical path length 10 mm) was deaerated by purging an Ar gas stream. Spectroscopic measurements were carried out at 298 K.
Measurements
1 H-NMR measurements were performed by using a JNM-EX 270 spectrometer (JEOL, 270MHz). X-ray crystallography was conducted with a Mercury CCD detector coupled with an AFC-8S diffractometer (Rigaku Co., Ltd.) at 123 K. Steady-state absorption and emission spectroscopies at 298 K were conducted by using a U-3300 spectrophotometer (Hitachi Co., Ltd.) and an F-4500 spectrofluorometer (Hitachi Co., Ltd.), respectively. Nanosecond emission spectroscopy of Ru(bpy)2(CE-bpy) 2+ under various conditions was conducted by using a system consisting of an Nd:YAG laser (Continuum, Surelite 2, 355 nm, pulse width ~4 ns) and a streak camera (Hamamatsu Co., Ltd., C4334) equipped with an imaging spectrograph (Hamamatsu Co., Ltd., C5094). Picosecond emission spectroscopy was conducted on the basis of a time-correlated single photoncounting technique. The second harmonic (400 nm) from a mode-locked Ti:Sapphire laser (Coherent, Mira Model 900-F) was used as the excitation light source (repetition rate, 100 kHz; fwhm, 150 fs autocorrelation trace). The emission was detected by using a multichannel-plate photomultiplier (Hamamatsu, R3809U-50) equipped with a monochromator (Jobin Ybon, H-20) and analyzed by a single-photon counting module (Edinburgh Instruments, SPC-300). A digital delay generator (DG535, Stanford Research Inc.) was employed to control the timing between the laser and the detector. The monitor wavelength of the emission was set at 620 nm throughout the study. Emission decay curves were analyzed by a nonlinear least-squares iterative convolution method. The temperature of the sample solution was maintained at 298 K. 2+ before and after ion recognition Figure 1 shows the 1 H-NMR spectra of Ru(bpy)2(CE-bpy) 2+ in acetone-d6 in the absence (a -c) and presence (d) of a guest cation. At 303 K (a), the peaks at δ = 4.4 -4.9 (4H) and 8.3 ppm (2H) are responsible for the benzyl and Ha protons of CEbpy, respectively (see Scheme for numbering of the protons). The peaks at δ = 7.4, 8.0, and 8.5 ppm are assigned as the H2/Hb (6H), H3/Hc (6H), and H1 (4H) protons of bpy and CE-bpy (not resolved), respectively, and that at δ = 7.7 ppm (2H) is attributed to the H4 protons in bpy. All of the peaks were observed to be broad, suggesting a steric repulsion between two-CH2-groups at the 3,3′-positions in CE-bpy and the presence of conformational isomers (∆ and Λ). Owing to the steric repulsion, the two pyridine rings of CE-bpy in Ru(bpy)2(CE-bpy) 2+ would take several different conformations, which would cause a broadening of the NMR spectrum through interconversion between the conformers within the NMR time scale. At 238 K (b), on the other hand, the spectrum became relatively sharp and was well resolved compared to that at 303 K. In particular, the ambiguous benzyl and Ha proton signals observed at 303 K split into well-resolved peaks (4.3 -4.8 and 8.3 ppm, respectively). Furthermore, the Hc protons of CE-bpy shifted to an up-field direction, and were recognized as the peak at δ = 6.8 ppm (2H), while the proton signals of bpy were almost unchanged. At 353 K (c), although the spectrum was slightly sharp compared to that at 303 K, the splitting of the signals was worse than that of the spectrum at 238 K. In particular, the splitting of the benzyl and Ha proton signals was not very large compared to that at 238 K. These characteristics in the peaks were observed as averaged signals of those for different conformers on the NMR time scale. On the basis of variabletemperature 1 H-NMR, the steric hindrance and repulsion of the substituents at the 3,3′-positions in CE-bpy were shown to be certainly involved in the complex, which would lead to a distortion of Ru(bpy)2(CE-bpy) 2+ from Oh symmetry. Figure 1d shows the 1 H-NMR spectrum of the complex in the presence of Na + at 303 K. The results clearly demonstrate dramatic changes in the spectrum. The benzyl protons of CEbpy were split into a complicated pattern (4.6 -5.1 ppm), and other protons of the pyridine rings in CE-bpy were separated from the relevant protons in bpy as indicated by the arrows in Fig. 1d . Separation of the bpy and CE-bpy peaks clearly indicates a fixation of the conformations of both CE-bpy and the crown-ether moiety by Na + .
Results and Discussion

H-NMR study on structural changes of Ru(bpy)2(CE-bpy)
Our preliminary experiments on X-ray crystallography of the complex (data are not shown) support that both the crown-ether moiety and CE-bpy are certainly structurally distorted from planarity: the dihedral angle between the two pyridine rings in CE-bpy is estimated to be ca. 30˚. The results agree very well with the X-ray crystallographic structures of Ru(3,3′-R2-bpy)3 2+ with R = -CH3, -COOCH3, -COOC2H5, or -COOCH(CH3)2. 5 The structures of these complexes are distorted from the Oh symmetry, and the dihedral angle between the two pyridine rings in the 3,3′-R2-bpy has been shown to be ca. 30˚. For Ru(bpy)2(CE-bpy) 2+ , unfortunately, the R value for a structure determination was somewhat high (13%) owing to the very thin crystals and disorder of some oxygen atoms in the crown-ether moiety. Therefore, detailed structural parameters have not yet been determined.
In a solution phase, nonetheless, the structures of the complex will vary considerably upon ion recognition, as demonstrated by the 1 H-NMR spectra in Fig. 1 .
Spectroscopic study of ion recognition by Ru(bpy)2(CE-bpy) 2+
The structural changes of both CE-bpy and the Ru(II) complex upon ion recognition should reflect on the spectroscopic properties of the complex. Therefore, we studied the absorption and emission spectra of the complex in acetonitrile (298 K); the data are shown in Fig. 2 . The spectra in the absence of Na + were analogous to those observed for Ru(bpy)3 2+ , 4 showing metal-to-ligand charge transfer (MLCT) absorption and emission at around 452 nm (molar absorptivity = 1.20 × 10 4 M -1 cm -1 ) and 615 nm (corrected), respectively. However, the emission quantum yield of the complex was very low (< 4.3 × 10 -4 ) as compared to that of Ru(bpy)3 2+ (0.061). 4 Because the redox potentials of Ru(bpy)2(CE-bpy) 2+ in N,Ndimethylformamide are not very different from those of Ru(bpy)3 2+ , the energy levels of the Ru(II) center (HOMO) and the ligand (LUMO) are not greatly perturbed by 3,3′-substitution on bpy. 13 On the basis of spectroscopic and X-ray crystallographic studies on an Ru(II) complex having 3,3′-R2-bpy (R = COOH), Perkovic reported that the emission quantum yield of the complex with large structural distortion became very low, as compared with that of a complex having the Oh symmetry. 6 Therefore, we think that the very low-emission quantum yield of Ru(bpy)2(CE-bpy) 2+ can be ascribed to the distorted structures of the complex as described in the preceding section.
On the other hand, the addition of Na + brought about an increase in the emission intensity of the complex along with an accompanying slight red shift of the spectrum (Fig. 3) . The changes in the emission intensity and spectrum could be due to structural changes of both CE-bpy and the complex upon ion recognition, as demonstrated by 1 H-NMR. Although the absorption spectrum was insensitive to the structural changes by Na + (data are not shown), the emission properties of the complex could sense ion recognition and, therefore, Ru(bpy)2(CE-bpy) 2+ can act as a new photochemical ion receptor.
In order to discuss ion recognition quantitatively, we determined the association constant between Ru(bpy)2(CEbpy) 2+ as a host (H) and a guest cation (G) on the basis of the emission intensity data. When H and G produce a 1:1 complex,
the relevant association constant (Ka) is given by
where [HG] is expressed as
where I0, I, and I′ are the emission intensities of H in the absence and presence of G, and that from the HG complex, respectively. According to the literature, 14, 15 we obtain (4) where α and β are defined as
The relationships between I/I0 determined at 620 nm and [G] obtained for Na + , K + , and Li + are summarized in Fig. 4 . The [G] dependence of I/I0 was then fitted by Eq. (4) to evaluate Ka. As can be seen from the figure, the observed data were fitted almost satisfactorily with Eq. (4), indicating H:G =1:1 complex formation. The Ka values were thus determined to be 40, 20, and 80 M -1 (M = mol dm -3 ) for Na + , Li + , and K + , respectively. The values for Ru(bpy)2(CE-bpy) 2+ should be compared with those of the CE-bpy ligand, itself. However, it was very difficult to obtain pure CE-bpy enough for spectroscopic measurements. Nonetheless, the ion selectivity of the complex (Na + > Li + ) (for K + , discussed later) agreed with that of a structurally analogous crown-ether derivative: 15-crown-5: Ka = 4000 (Li + ), 190000 (Na + ), and 950 M -1 (K + ). 16 This also supports the idea that present ion recognition is based essentially on size-selective binding of a guest ion by the CEbpy ligand.
Emission lifetime responses of Ru(bpy)2(CE-bpy) upon ion recognition
We succeeded to determine Ka based on the emission intensity
data (Fig. 4) . Nonetheless, since the emission spectrum shifted to the red upon the addition of G as compared to that without an ion, the Ka values determined by I/I0 observed at a fixed wavelength are not necessarily correct. As another possible approach to determine Ka, we focused our study on the emission dynamics of Ru(bpy)2(CE-bpy) 2+ , since an emission decay analysis can provide direct information about emissive species. Figure 5 shows emission decay profiles of Ru(bpy)2(CE-bpy) 2+ in the absence and presence of Na + . In the absence of G, the emission decayed double exponentially with time constants (amplitude) of τs~4 (0.98) and τl~850 ns (0.02). It is worth noting that a very long decay component with 850 ns was observed irrespective of the absence or presence of G, as can be seen in Fig. 6 , although its contribution to the total decay was very low (~0.2%). Since the decay time agrees with that of Ru(bpy)3 2+ in acetonitrile, we conclude that this component could be ascribed to contaminated Ru(bpy)3 2+ , which is inevitably produced in the synthetic processes of Ru(bpy)2(CEbpy) 2+ ; a ligand-exchange reaction. For determining the emission lifetime of the complex, therefore, a decay analysis was conducted by the sum of exponential functions with a decay time of 850 ns being fixed at a constant value.
In the presence of Na + , the emission decay was best analyzed based on time constants of τs~4 and τl~20 ns with the preexponential factors (As and Al, respectively) being varied with [G]. 10, 11 As the data summarized in Table 1 show, the contribution of τl to the total decay increased with [G] and, in the presence of a sufficient amount of Na + (H:G = 1:5000), the decay was best fitted with τl = 20 ns alone. These results indicate that τs and τl are responsible for the free and guestbound Ru(II) complexes, respectively. It is worth noting that the Alτl value is a measure of the contribution of the HG complex to the overall Ru(bpy)2(CE-bpy) 2+ and, therefore, an analysis of the [G] dependence of the Alτl value can afford Ka of the HG complex similar to that from an analysis of the emission intensity data in Fig. 4 . Analogous experiments with those in Fig. 5 , respectively. In the case of an analysis of Ka based on I/I0, because the emission spectra of both Ru(bpy)2(CE-bpy) 2+ and HG overlap with each other, the separation of these species from the spectrum is generally very difficult. However, an emission-decay analysis can separate information about H and HG. In the present study, the Ka values for Li + and Na + , determined by the emission intensity data, were found to agree with those by the emission dynamics. For K + , on the other hand, Ka determined by Alτl (8 M -1 ) was much smaller than the value determined by I/I0 (80 M -1 ). In the present experiments, we employed KSCN as G instead of using KClO4, since the solubility of the ClO4 -salt in acetonitrile was low. It is known that an SCN -ion shows a ligation ability toward a metal ion and, in particular, Ru(II) complexes sometimes undergo a photosubstitution reaction with SCN -. 17 Therefore, this might influence the I/I0 data of K + . Since the information about the HG complex can be separated from other species based on the emission decay data, as described above, we consider that the Ka value determined by Alτl is more reliable than that by I/I0. This is supported by the fact that the ion selectivity of Ru(bpy)2(CE-bpy) 2+ , determined by Alτl (Na + > Li + > K + ), agrees with that of 15-crown-5. 16 An emission-decay analysis can provide direct information about emissive species, and has high potential to analyze ion-recognition behaviors.
It is worth emphasizing, furthermore, that the emission lifetime of Ru(bpy)2(CE-bpy) 2+ bound with G is ~5-times longer than that of H. This could be due to structural changes of CEbpy and the complex, as discussed above. Before ion recognition, the crown-ether moiety in CE-bpy takes flexible conformations, as suggested by 1 H-NMR, while the conformation of the group becomes more planer upon ion recognition, leading to a decrease in the dihedral angle of the two pyridine rings in CE-bpy. Therefore, ion recognition fixes more or less flexible conformations of the CE-bpy ligand. Generally, the presence of a flexible substituent(s) induces a radiationless transition of a molecule in the excited state. 18 Furthermore, in the present case, the decrease in the dihedral angle between the two pyridine rings in CE-bpy should bring about a recovery from the distorted structure of the complex to a near-octahedral symmetry. A structural distortion also leads to a short excited-state lifetime, as discussed before. Therefore, the increase in the excited lifetime of Ru(bpy)2(CE-bpy) 2+ upon ion recognition is explained by fixation of the CE-bpy and simultaneous structural change of the complex, itself. To the best of our knowledge, this is the first demonstration of a photochemical ion receptor based on changes in the coordination structure of a metal complex.
Beside photochemical sensing, we recently showed for the first time that the Ru(bpy)2(CE-bpy) complex was also applicable to the ECL (electrochemically generated luminescence) detection of an alkali metal ion. 19 Therefore, the present Ru(bpy)2(CEbpy) 2+ complex provides a new opportunity as an ion receptor.
Conclusion
We synthesized a photochemical ion receptor of Ru(bpy)2(CEbpy) 2+ . The present results indicated that the complex was distorted from octahedral symmetry due to a large steric hindrance and repulsion between the substituents at the 3,3′-positions in CE-bpy. In the absence of a guest ion, this led to very weak emission and a short excited lifetime of the complex. Upon ion recognition by the crown-ether moiety in the complex, on the other hand, the coordination structures of the complex changed, which rendered increases in both the emission intensity and the lifetime. Therefore, Ru(bpy)2(CE-bpy) 2+ can act as a new type of photochemical ion receptor. 
